Summary Trees in cropped fields may improve nitrogen (N) use efficiency by intercepting leached N, but crop yield will be reduced if the trees compete strongly with crops for N. Ideal trees for intercropping will take up N from deeper soil layers not accessed by the crop species. Spatiotemporal aspects of tree nitrogen capture niches were investigated within a hedgerow intercropping system by placing 15 N at three depths and monitoring 15 N uptake by trees pruned either 25 or 4 days before application of 15 N. Trees with contrasting rooting patterns (Gliricidia sepium L. and Peltophorum dasyrrachis (Miq.) Kurz) were grown in mixed hedgerows and intercropped with maize (Zea mays L.). Neither species showed significant N uptake during the 5-14 days after pruning, even though some shoot regrowth occurred during this time. Mean topsoil (0-5 cm depth) root length density of G. sepium was 520% greater than that of P. dasyrrachis, whereas total root length (0-100 cm depth) of G. sepium was only 450% greater. On average, G. sepium recovered 15 times as much 15 N as P. dasyrrachis, following application of 15 N at 5 cm depth, but the two species recovered a similar amount following application at 80 cm depth, suggesting that P. dasyrrachis had better niche complementarity with shallow rooting crops. However, both species showed strong plasticity in vertical N uptake pattern in response to competition from establishing maize plants. The species differed in their response: N uptake activity by G. sepium shifted down the soil profile in response to increasing competition from a growing maize crop (uptake from 80 cm depth changed from 4 to 9% of uptake from 5 cm depth), whereas N uptake by P. dasyrrachis became relatively shallow (uptake from 80 cm depth changed from 305 to 25% of uptake from 5 cm depth). Niche avoidance and increased competitiveness within the topsoil represent alternative responses to competition. The response displayed may be related to soil fertility in the species' natural habitats.
Introduction
The design of intercropping systems to improve nitrogen (N) use efficiency under conditions where N is subject to rapid loss through leaching depends on synchronizing the supply of mineral N with plant demand (Woomer and Swift 1994, Myers et al. 1996) . Nitrogen in the upper soil layers early in the growth of annual crops is likely to be leached down the profile before it is reached by crop roots (Rowe et al. 2001 , Chikowo et al. 2003 . Tree roots beneath the zone of crop N uptake can intercept N that would otherwise be lost through leaching (Young 1986 , Rowe et al. 1998 , Allen et al. 2004 ). Much of this N will be absorbed by tree roots and returned to the soil via litterfall, prunings, root death or exudation. However, when trees are grown together with crops, the aim should be to minimize both above-and belowground competition, for example through regular shoot pruning. Beside reducing competition for light, shoot pruning reduces root abundance (Nygren and Campos 1995, Peter and Lehmann 2000) . The timing of pruning depends largely on the need to reduce light competition, which likely affects crop yield more than belowground competition for N (Haggar and Beer 1993) .
Optimizing agroforestry associations for minimal N competition, but maximal benefits of complementary tree N uptake, depends on optimizing the depth and timing of tree N uptake relative to crop N uptake. An ideal tree would take up no N from the topsoil during crop growth. This is particularly important during the establishment phase of the crop when a good mineral N supply is required (Myers et al. 1996) , but the volume of soil explored by crop plants is small, and so competition in the topsoil seriously affects crop growth. Nitrogen deep in the soil profile is susceptible to leaching, especially during the period of crop establishment , and an ideal agroforestry tree would take up N reaching the deeper soil layers during this period. After crop harvest, decomposing stover may lead to a flush of mineral N, which ideally would be taken up by tree roots. The amount of N recycled through hedgerow intercropping systems while the crop is actively growing is likely to be small compared to the amount taken up by the crop, but hedgerow uptake may be more substantial at other times, leading to greater overall N-use efficiency (Rowe et al. 2005) .
Plants may respond to heterogeneity in the distribution of soil resources by growth and proliferation within resource-rich soil patches (Passioura and Weselaar 1972, Drew 1975) , or by increasing uptake rate per unit root length where resources are abundant (Drew and Saker 1978, Jackson et al. 1990 ). Annual crops are likely to deplete resources within the upper soil layers, and associated perennial plants with persistent roots, such as trees, may respond to the presence of surface-rooting annual crops by concentrating N uptake at greater depths (Dawson et al. 2001) . However, if deep soil layers are poor in soil resources, root proliferation in the topsoil could promote capture of nutrients and water by perennials in competition with annual crops. In agroforestry associations, it is desirable for trees to have consistently deep resource uptake activity even when resources are more concentrated in the topsoil (Cadisch et al. 2004) . Thus, an ideal tree would be consistently deep-rooted and non-plastic in its response to heterogeneity in the vertical distribution of nutrients. The degree of proliferation in nutrient-rich soil volumes is strongly species-dependent (e.g., Caldwell et al. 1991) . Crick and Grime (1987) suggested that plasticity of root response to soil nutrient distribution is related to the typical patterns of nutrient availability encountered by the species, and that species adapted to environments prone to prolonged nutrient deficiency are less likely to invest in root proliferation in response to locally high nutrient availability, because in these environments high nutrient availability is likely to be short-lived.
In the current study, 15 N was used to monitor the recovery of N by trees from different soil depths in an established hedgerow intercropping trial in which the time of tree pruning was varied. Patterns of N uptake by two species, Gliricidia sepium L. and Peltophorum dasyrrachis (Miq.) Kurz, that differ in root distribution pattern, regrowth rate and N 2 -fixing ability, were compared. Gliricidia sepium has a highly plastic rootgrowth response to heterogeneous phosphorus distribution, with greater root production in heterogeneous than in homogeneous soil (Blair and Perfecto 2004) . Peltophorum dasyrrachis may have a more plastic root-growth response to soil nutrient distribution as its natural range includes areas with less rainfall and, therefore, soils that may be less N deficient than the strongly leached soils in the range of G. sepium (van Noordwijk and Rudjiman 1997) . The aim of the study was to test the hypotheses that: (1) more 15 N is taken up from shallow placements by G. sepium than by the deeper rooting P. dasyrrachis; and (2) P. dasyrrachis is more plastic in its response to competition than G. sepium.
Materials and methods

Site, soil and climate
The study was carried out at the Biological Management of Soil Fertility (BMSF) project site of Universitas Brawijaya/ICRAF/ Wye College/PT Bunga Mayang, near Karta, North Lampung, Sumatra, Indonesia (4°31′ S, 104°55′ E). The soil at the study site is an ultisol (Plinthic Kandiudult) with low pH, and high concentrations of exchangeable aluminum, which increase with depth ( Table 1) . The site has a humid tropical climate, with an annual rainfall of 2000-2500 mm concentrated in the December to July wet season. Temperatures fluctuate little throughout the year, generally remaining in the range 25-35 °C.
Plot layout
Application of
15 N treatments were superimposed on an existing experiment to study effects of the incorporation of fruit trees into hedgerow intercropping systems (BMSF 1995) . Only the hedgerow intercropping system without fruit trees was studied in the current experiment. Mixed hedgerows of G. sepium and P. dasyrrachis spaced 6 m apart were established in 1993-1994, and Mucuna pruriens Bak. was sown as a cover crop. Gliricidia sepium is an N 2 -fixing tree that produces easily mineralized prunings (Handayanto et al. 1994) . Peltophorum dasyrrachis does not fix N 2 and produces prunings of lower quality, but has been recommended for simultaneous agroforestry because of its deep root system (van Noordwijk and Purnomosidhi 1995) . Within the hedgerows, tree spacing was 50 cm and the species were planted alternately. Hedgerows were maintained by regular pruning at 75 cm height. Crops of upland rice Oryza sativa L. followed by groundnut Arachis hypogaea L., green gram Vigna radiata (L.) Wilczek. or cowpea Vigna unguiculata (L.) Walp. were grown in the alleys between hedgerows in 1995-1997. In April 1997, M. pruriens was sown again, in an attempt to stabilize crop yields across the field, which had become patchy. The M. pruriens was cleared in late November 1997 by slashing and subsequent application of glyphosate herbicide. Maize, Zea mays L., was sown in seven rows across the alley on December 14, 1997.
Pruning and 15 N treatments
Trees were pruned either on December 9, 1997 ("Early" prun- 3, 1998, 15 N was applied at one of three depths; 5 cm, 45 cm or 80 cm. Each Depth × Pruning Time treatment was assigned at random to three replicate plots, with the exception that three pairs of plots which were less than 6 m apart, were constrained to receive the same depth treatment to avoid the possible adverse influence of laterally foraging roots. Recovery of 15 N was measured for both G. sepium and P. dasyrrachis in three trees per species in each plot.
Applications of 15 N were through plastic tubes inserted into augered holes. Seven tubes were installed per plot, within the first crop row, which was 75 cm from the line of the hedgerow. Each tube was perpendicular to a point midway between hedgerow trees, and tubes were, thus, 79 cm from the two nearest trees. To ensure a constant distance from the tubes, eight maize planting stations adjacent to the tubes were positioned perpendicular to hedgerow trees, i.e., 50 cm apart (Figure 1 (Rowe et al. 1998 ). Aliquots of 9.5 cm 3 of a solution containing 0.4 g N and 3.2 g C (as sucrose) were applied through each tube, giving a total of 2.8 g N or 0.59 g 15 N excess (over natural abundance) per site. To wash down any 15 N solution remaining within the tube, 10.5 cm 3 of distilled water was applied. The plastic tubes were then capped.
Calculation of 15 N recovery
Shoots of individual trees were sampled 25 and 4 days before (for early-pruned and late-pruned trees, respectively) and 9, 39 and 72 days after 15 N application, for analysis of N concentration (%) and 15 N enrichment (atom % 15 N). Early-pruned trees were also sampled 51 days after application. Whole shoots were cut at the base, dried and finely ground to give a composite sample representative of both leaf and stem tissue. When trees were pruned, the biomass of regrowth was determined from fresh mass using subsample fresh mass:dry mass ratios. When trees were not pruned, the amount of N in regrowth was estimated from the basal diameters of individual shoots (Rowe and Cadisch 2002 (Rowe and Cadisch 2002) .
Root measurements
Root distributions were assessed by measuring root length and dry mass in auger samples. Auger samples were taken from six depths (0-5, 5-20, 20-40, 40-60, 60-80 and 80-100 cm) , with an 8-cm-diameter root-coring auger. Samples were taken from three horizontal zones 0-50, 50-100, 100-300 cm from hedgerows. For the zone closest to the hedgerows, samples were taken half way between a tree and the position furthest from any tree. For the other two zones, samples were taken half way between a maize plant and the position furthest from TREE PHYSIOLOGY ONLINE at http://heronpublishing.com any maize plant. Six replicate samples were taken from each zone × depth combination. Cores were dispersed in water and washed through 2 mm and 0.25 mm sieves. Roots were picked off the sieves and separated by species based on visually assessed characteristics (Rowe et al. 2001) . Total root length for each species was estimated by the line intersect method (Tennant 1975 ) and converted to root length density (L rv , cm root per cm 3 soil).
Mineral N sampling
Soil was sampled on March 22, 1998 for analysis of NH 4 + , NO 3 -, total N and 15 N concentrations. Samples were taken from 0-5, 5-20, 20-40, 40-60, 60-80 and 80-100 cm layers, with a 6-cm-diameter auger. Soil was sampled 0, 0.75 and 3 m from the line of the hedgerows. Replicate samples were taken from each of the three blocks within the field, each composited from three randomly chosen positions. Subsamples of 5 g fresh mass were shaken for 2 h in 20 cm 3 2 M KCl and stored when necessary at -18°C. Concentrations of ammonium and nitrate were determined colorimetrically by flow injection analysis (Alves et al. 1993 , Gine et al. 1980 . The remainder of each soil sample was air-dried, finely ground, thoroughly mixed and analyzed for total N and 15 N.
Statistical methods
Root length density data were analyzed after log transformation (log(L rv + 0.001 cm cm -3 )) by 3-way ANOVA (Depth × Species × Zone) using a completely randomized factorial design. Tree 15 N recovery data were analyzed after log transformation (log( 15 N excess + 0.2 mg)) by 3-way ANOVA ( 15 N Application Depth × Species × Pruning Time), treating species as a split-plot factor. Species effects and interactions were tested against the error term for the plots × trees × stratum.
Results
Initial soil N
Soil mineral N concentration decreased with depth (P < 0.001; Table 2 ), but was unaffected by distance from the hedgerow (P > 0.05). The total amount of available N in the top meter of soil was 114 kg N ha -1 . Total soil N concentration also decreased with depth (P < 0.001), as did nitrate as a percentage of total mineral N (P < 0.05).
Root length density distributions
The root length density (L rv ) of all species declined with depth (P < 0.001; Figure 2 ), but was unaffected by distance from the hedgerow. Peltophorum dasyrrachis had lower L rv values overall than G. sepium (P < 0.01), reflecting the lower shoot biomass of the former species in this system. Species did not differ significantly in the rate at which L rv declined with depth, and the differences between species in L rv were significant only in the 0-5 cm soil layer, where L rv was smaller in P. dasyrrachis (0.11 cm cm -3 ) than in G. sepium (0.67 cm cm -3 ) or maize (0.67 cm cm -3 , P < 0.05).
Location of 15 N in soil
The vertical distribution of 15 N in total soil N, 79 days after application, was related to placement depth ( Figure 3) ; enrichment of soil layers above the application depth was minimal. Residual enrichment was large following 15 N placement at 80 cm depth in comparison to that following placement at other depths.
Effects of pruning time and 15 N application depth on 15 N recovery by trees
Mean recovery by G. sepium was greater than that by P. dasyrrachis (P < 0.001), but recovery of 15 N decreased with placement depth (P < 0.001), and this decline in mean recov-1532 ROWE, NOORDWIJK, SUPRAYOGO AND CADISCH TREE PHYSIOLOGY VOLUME 26, 2006 Figure 2 . Changes in root length density (L rv ) (log scale) with soil depth of maize (᭢), Peltophorum dasyrrachis (᭺) and Gliricidia sepium (᭹) in a mixed hedgerow intercropping system, averaged for three distances from the hedgerow (0-50, 50-100 and 100-300 cm). Error bars represent the standard error of the mean.
ery with depth was more pronounced for G. sepium than for P. dasyrrachis (P < 0.001; Table 3 ). However, although pruning time affected neither the overall recovery nor mean recovery from the different depths, pruning time had different effects on mean recovery by both species (P < 0.01), and on the recovery distribution with depth in both species (P < 0.05). Early-pruned G. sepium took up considerably more 15 N from the 5-and 45-cm deep applications than early-pruned P. dasyrrachis (Table 3) . Recovery of 15 N by the two species from the 8-cm-deep applications was comparable, but early-pruned P. dasyrrachis recovered more 15 N from the 80-cm-deep application than from the shallower applications. Late pruning lowered the N uptake depth profile of G. sepium, although the greatest uptake was from topsoil. By contrast, late pruning of P. dasyrrachis led to more shallow N uptake. The amount of N in regrowth increased more rapidly after pruning in G. sepium than in P. dasyrrachis (Figure 4 ).
Discussion
Trees showed no significant soil N uptake during the 5-14 days after pruning, even though some shoot regrowth occurred during this interval. The amount of N taken up by hedgerow trees depends on their demand, which is strongly affected by pruning events. Immediately after pruning, shoot N demand is virtually zero, and there is no transpiration to drive mass flow of N in soil solution into the root. There may be losses of N from tree roots, particularly if roots die. Nitrogen stored in roots may be remobilized by regrowing shoots, reducing uptake for a certain time (Millard 1996) . The length of the resulting period of low or negative net N demand depends on the delay before resprouting begins and the rate of growth immediately after sprouting. Buds break more quickly in G. sepium than in P. dasyrrachis (10 days and 14 days respectively, unpublished observations), and shoot expansion is more rapid, due in part to G. sepium's greater specific leaf area TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PRUNING AND COMPETITION AFFECT TREE N UPTAKE DEPTH 1533 15 N application depth on total 15 N recovery, 72 days after application, by the hedgerow tree species Gliricidia sepium and Peltophorum dasyrrachis. Trees were pruned 25 days ("Early") or 4 days ("Late") before application of 15 N. Abbreviations: AD = 15 N application depth; PT = pruning time; Sp = species; *** = P < 0.001; ** = P < 0.01; * = P < 0.05; and ns = P > 0.05. (van Noordwijk and Purnomosidhi 1995) . The difference between the species was accentuated by their close association-regrowing G. sepium shoots shaded P. dasyrrachis stems and further slowed their recovery. Variation in tree N demand may affect crop growth indirectly through effects on the concentration of mineral N in the soil solution. Although the N demand of crop plants may be low during the early stages of growth, seedlings may require high soil solution N concentrations to establish well. The pruning of hedgerow trees could be timed to ensure that tree uptake during or before establishment is minimal. Changes in tree demand are unlikely to have as great an effect on soil solution N concentration as, for example, rapidly mineralized prunings, but pruning provides another way of manipulating N dynamics.
The decline in root length density with soil depth was similar in G. sepium and P. dasyrrachis; although, G. sepium had higher root length densities overall and particularly in the top 5 cm of the soil. Thus, the results provide some support for previous observations (Rowe et al. 1998 (Rowe et al. , 2001 ) of a deeper root distribution in P. dasyrrachis than in G. sepium. Root 15 N uptake activity in early-pruned trees was deeper in P. dasyrrachis than in G. sepium, supporting Hypothesis 1. Peltophorum dasyrrachis obtained a greater proportion of its N from 80 cm depth than did G. sepium and, thus, demonstrated better niche complementarity with shallow-rooting crops. Both species recovered 15 N even from the deepest application (80 cm), which is deeper than the main rooting depth crops may be expected to achieve, at least during their initial growth stages. The low tree root length densities in subsoil were sufficient for N uptake to occur (Table 3; Figure 2 ). However, the distribution of root uptake activity with depth changed in both species when trees were pruned at the later date (P < 0.05), leading us to reject Hypothesis 2 that P. dasyrrachis has a more plastic root growth response to N distribution than G. sepium. Late pruning increased the N uptake depth of G. sepium, although the greatest uptake observed was still from topsoil. By contrast, late pruning of P. dasyrrachis led to more shallow root activity. Late-pruned trees were presumably subject to greater competition from maize for water or N in the topsoil, and the two species differed in their response to competition. Dawson et al. (2001) observed an increase in tree-rooting depth when trees were grown with grasses, which was interpreted as a strategy for niche avoidance by foraging in the subsoil. However, such a strategy will be successful only if subsoil reserves exist. In environments where there is strong competition for surface inputs of water and N, these resources may not percolate into the subsoil. Trees adapted to such environments may have mechanisms for increasing root competitiveness in topsoil. We suggest that such a response could explain the shallower N uptake distribution of P. dasyrrachis when subjected to greater competition.
